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1
METHOD AND SYSTEM FOR SELF-TUNING
CACHE MANAGEMENT

FIELD OF THE INVENTION

The present invention relates the caching of media files and
adapted versions of same.

BACKGROUND OF THE INVENTION

Media files, for example in the form of video streams
provided from video servers, are requested by clients over the
internet in increasing numbers. In many cases, capabilities of
the client’s terminal or bandwidth limitations, may make it
necessary or advantageous to process the original media file
received from the video server, by adapting it.

FIG. 1 illustrates a general media delivery system 100 of
the prior art, including one or more media source nodes 102,
a number of media client nodes 104.1 to 104.N, and a media
adaptation server 106. A network 108, typically the Internet,
provides connectivity between the media source nodes 102
and the media adaptation server 106, as well as between the
media adaptation server 106 and the media client nodes 104.

The media adaptation server 106 includes an adaptation
engine 110 for processing original media files received from
the media source node 102 as required, into adapted versions
of the respective media files, before forwarding the adapted
versions to the requesting media client node 104. In some
cases, the original media file may be forwarded unprocessed
to a media client node 104. The individual type of media
adaptation for each media client node 104 depends on char-
acteristics of the receiving node, which may be stored in a
terminal profile database 112 of the media adaptation server
106. Media adaptation may include various processing func-
tions such as transcoding, coding format conversion, trans-
rating, trans-sizing, encryption and compression, to mention
just a few.

The media adaptation server 106 may further include a
media cache 114, for caching requested media files as well as
adapted media files. A major purpose of caching media files,
including adapted media files, is to avoid having to repeatedly
download the original media file from the media source node
102 and re-adapting it.

However, existing systems have not fully provided the
caching of media files in a way to utilize the cache capacity
more effectively.

Accordingly, a method and system to improve the effi-
ciency and utility of caching media files, including adapted
media files, is required.

SUMMARY OF THE INVENTION

Therefore there is an object of the invention to provide an
improved method and system for cache management, which
would avoid or mitigate shortcomings of the prior art.

According to one aspect of the invention, there is provided
a method for caching objects in a cache of predetermined
capacity having a cache size threshold less than the predeter-
mined capacity, the method comprising:

(a) receiving a request, a hit, for an object;

(b) creating a plurality of hit buckets forming a hits distri-

bution list, comprising:

(1) associating a corresponding number of hits with each
bucket;

(ii) in said each bucket, storing accumulated sizes of
objects having a number of hits corresponding to said
each bucket;
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2
(c) computing a hit threshold, comprising:
accumulating contents of the hit buckets having the
highest hit numbers, without exceeding the cache size
threshold;
selecting a lower hit number as the hit threshold;

(d) caching the object only if a hit number for the object

exceeds the hit threshold; and

(e) repeating steps (a) to (d).

The method further comprises:

recording the object in a time-to-live (TTL) window in an

order of an expiry time of the object; and

the step (d) further comprising:

determining that there is space in the cache for caching
the object;

scanning the TTL window to locate expired objects
whose expiry time has past; and

removing the expired objects from the cache.

In an embodiment of the invention, the TTL window is
divided into TTL buckets, each TTL bucket used to record
objects whose expiry time falls within a predetermined time
range.

In the method described above the step (d) further com-
prises:

determining a time to live (T'TL) of each received object;

updating an average time to live (TTL_avg) with the TTL

of each received object;

fixing the value of the TTL_avg until a predetermined

cache size threshold is reached; and

arranging the TTL window as a circular array of TTL_

buckets whose combined range corresponds to the
TTL_avg.

In the method described above, the predetermined time
range is used as a hit threshold update interval (T_upd), and
the step (c) is performed at every successive hit threshold
update interval.

In the method of the embodiments of the invention, the
caching of objects is performed in two stages, a convergence
phase, starting when a first request for an object is received,
wherein a convergence cache size threshold is gradually
increased at a rate which is a function of the TTL,_avguntil the
cache size threshold is reached, at which time a plateau phase
begins, wherein a plateau cache size threshold is fixed at the
level reached by the of convergence cache size threshold at
the end of the convergence phase.

According to another aspect of the invention, there is pro-
vided a method of caching one of a plurality of objects in a
cache of predetermined capacity having a cache size thresh-
0ld less than the predetermined capacity, comprising:

registering a descriptor of each of the plurality of objects in

an object registry upon a first request for each respective
object, the descriptor including a respective expiry time
for the corresponding object;

storing a reference to each object in a list sorted essentially

according to the respective expiry time;

determining an adaptive hit threshold (HT) for caching as

a function of the sizes of objects already cached and the
cache size threshold, and caching each object only after
it has received more than HT requests;

removing the descriptor of each corresponding object from

the object registry after its expiry time; and

removing each object from the cache after its expiry time.

Inthe method described above, the objects are summarized
in a hits distribution list according to a corresponding number
of'requests (hits) received by each object, and the adaptive hit
threshold HT is periodically adjusted so that objects with the
most hits are preferably cached.
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For example, the adaptive hit threshold HT is adjusted
periodically by a correction amount computed as a function
of'an actual cache usage C_tot, the cache size threshold C_S,
and an expected increase in cache usage C_incr.

In one of the embodiments of the invention,
the expected increase in cache usage C_incr is computed as a
ratio of a periodic time update interval and an average time to
live of all objects, C_incr being further proportional to the
cache size threshold; and

the actual cache usage comprises a sum of all objects that

were cached since a startup when the cache was empty,
minus a sum of all objects that have been removed from
the cache since the startup.

For example, the expected increase in cache usage C_incr
may be determined as a function of an average time to live
(TTL_avg) of the objects.

In the method described above, the determining the hit
threshold HT comprises:
recording a size of each of the objects;
generating a hits distribution array comprising:

indexing the hits distribution array by an index represent-

ing a number of requests received;
storing at each indexed location of the hits distribution
array a size sum of sizes of all objects having received
the number of requests corresponding to the index; and

selecting as the hit threshold HT the highest index above
which a sum of the size sums does not exceed the pre-
determined capacity of the cache.

Provided the objects are out of band (OOB) objects avail-
able from a source, the method further comprises:

adapting an object into an adapted object according to a

destination profile; and

obtaining the object to be adapted from the cache provided

the object was cached, otherwise obtaining the object
from the source before adapting the object.

The method further comprises:

determining an average bandwidth saving factor (ABS),

the ABS being a function of the sizes of all cached
adapted objects which were adapted according to the
same destination profile and the sizes of the OOB
objects from which they were adapted;

computing a normalized hit threshold HT_TN as a function

of the hit threshold HT and the ABS according to the
destination profile;

caching the adapted object provided the number of

requests for the requested object to be adapted exceeds
the normalized hit threshold HT_TN.

In one embodiment of the method described above, com-
puting the normalized hit threshold HT_TN comprises mul-
tiplying the hit threshold HT with the ABS.

According to yet another aspect of the invention, there is
provided a method for managing caching of objects, compris-
ing:

receiving a request for an object having a predetermined

expiry time;

obtaining the object from a media source provided the

object is not cached;

caching the object after receiving an Nth request for the

object, N being greater than a dynamically adjusted
threshold HT;

dynamically adjusting the threshold HT as a function of

available cache space; and

removing the object from the cache after its expiry time has

passed provided the object was cached, thereby making
space available in the cache.
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In the method described above, the dynamically adjusting
further comprises adjusting the threshold HT as a function of
an actual total cache usage compared to an expected cache
usage increase.

In the method described above, the dynamically adjusting
the hit threshold HT further comprises:

recording a size of each object being requested;

generating a hits distribution array;

indexing the hits distribution array by a number of requests
received;

storing at each indexed location of the hits distribution
array a size sum of sizes of all objects having received
the number of requests corresponding to the index; and

selecting as the threshold HT the highest index above
which a sum of the size sums does not exceed the capac-
ity of the cache.

Assuming that objects are out of band objects available

from a source, the method further comprises:

adapting the object into an adapted object according to a
destination profile;

obtaining the object to be adapted from the cache provided
the object was cached, otherwise obtaining the object
from the source before adapting the object.

The method further comprises:

determining an average bandwidth saving factor (ABS)
corresponding the destination profile;

computing a normalized hit threshold HT_TN by multi-
plying HT with the ABS;

caching the adapted object provided the number of
requests for the requested object to be adapted exceeds
the normalized hit threshold HT_TN.

In one of the embodiments of the invention, the ABS is
computed by dividing a sum of the sizes of other adapted
objects adapted according to the destination profile by a sum
of the sizes other objects the other adapted objects were
adapted from.

In the method described above, the other adapted objects
are cached adapted objects, and the ABS is 1.0 when none of
the other adapted objects are cached adapted objects.

According to yet one more aspect of the invention, there is
provided a media adaptation server comprising a self-tuning
cache management sub system for processing requests for
caching objects in a media cache, the system comprising:

a processor, and a non-transitory computer readable stor-
age medium having computer readable instructions
stored thereon for execution by the processor, forming:

a caching control module comprising executable instruc-
tions for determining caching of objects, and operating
in combination with data structures, the caching control
module comprising:
an object registry for identifying and registering objects;
a hitbuckets array of hit buckets for storing accumulated

sizes of registered objects, and indexed by a hit num-
ber which corresponds to a number of requests (hits)
each registered object has received;

a hit threshold register for storing an adaptively deter-
mined hit threshold (HT) specifying a minimum num-
ber of hits after which an object is cached;

atime-to-live (TTL) window list for storing expiry times
of respective registered objects; and

a timer for determining an occurrence of times for
removing registered objects from the object registry
and from the cache.

In the media adaptation server described above, each hit
bucket of the hit buckets array is used to store a sum of sizes
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of'only those registered objects which have received the num-
ber of hits, the number of hits being the value of the index of
the corresponding hit bucket.

In the media adaptation server, the hit threshold HT is
determined by:

successively indexing the hit buckets array starting at the
highest index;

summing contents of the indexed hit buckets until a prede-
termined cache size threshold is exceeded; and

setting the hit threshold HT to the last index.

In the media adaptation server, the TTL window is divided
into a number of TTL buckets, each TTL bucket covering a
predetermined time span for storing object descriptors of
registered objects whose TTL expires in said time span.

In the media adaptation server, the predetermined time
span corresponds to an update interval T_upd used in a peri-
odic updating of the hit threshold (HT).

The media adaptation server further comprises a terminal
profiles database, and an adaptation engine for adapting reg-
istered objects into adapted objects for transmission to media
clients, the adaptation for each media client being performed
according to a terminal profile stored in the terminal profiles
database.

In the media adaptation server described above, the cach-
ing control module further comprises executable instructions
for determining a normalized hit threshold HT_TN for cach-
ing adapted objects, the normalized hit threshold HT_TN
being computed by proportionately reducing the hit threshold
HT according to an average size reduction of adapted objects
with respect to the size of respective registered objects from
which they were adapted.

For example, the normalized hit threshold HT_TN is com-
puted by taking into account only registered objects and
adapted objects that are already cached.

Conveniently, the normalized hit threshold HT_TN is spe-
cific to each terminal profile.

According to yet one more aspect of the invention, there is
provided a self-tuning cache management system for pro-
cessing requests for caching objects in a media cache, the
system comprising:

a non-transitory computer readable storage medium hav-
ing computer readable instructions stored thereon for
execution by a processor, causing the processor to per-
form functions of:

registering requested objects upon respective first requests
for the requested objects in an object registry, including
a time to live (T'TL) for each requested object;

accumulating an object size of each requested object in hit
buckets according to a number of requests received for
said each requested object;

storing a hit threshold (HT) in a hit threshold register, the
HT determining a minimum number of requests any of
the requested object must have before the requested
object is cached;

adjusting the HT periodically according to a cache fill;

listing the requested objects in a TTL window according to
respective expiry times according to the TTL of said
requested object; and

periodically scanning the TTL window and removing
requested objects from the object registry when the
requested objects are expired, furthermore removing the
requested objects from the cache provided the requested
objects had been cached.

There is also provided a media adaptation server compris-

ing the processor, and the self-tuning cache management
system described above.
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Thus, an improved method and system for self-tuning
cache management have been provided.

BRIEF DESCRIPTION OF THE DRAWINGS

Embodiments of the invention will now be described, by
way of example, with reference to the accompanying draw-
ings in which:

FIG. 1 illustrates a general media delivery system 100 of
the prior art;

FIG. 2 shows an enhanced media adaptation server 200
according to an embodiment of the present invention;

FIG. 3 shows a functional diagram 300 in which the opera-
tion of the SCM 202 is summarized, including a Convergence
Phase 302 and a Plateau Phase 304 according to an embodi-
ment of the present invention;

FIG. 3A shows a graphical illustration 310 of the concept
of managing cache insertions with the help of the Hit Bucket
Array 212 of FIG. 2 according to an embodiment of the
present invention;

FIG. 3B shows an illustration 320 of a concept of managing
the expiry of objects using the TTL, Window 214 of FIG. 2
according to an embodiment of the present invention;

FIG. 4 shows a Convergence Phase function 400 for imple-
menting the Convergence Phase 302 of FIG. 3;

FIG. 4A shows a subroutine for performing the step 412 of
FIG. 4,

FIG. 4B shows a subroutine for performing the step 426 of
FIG. 4,

FIG. 5 shows a subroutine 500 for performing the step 428
“Update Hit Threshold HT” of FIG. 4;

FIG. 6 shows a Plateau Phase function 600 for implement-
ing the Plateau Phase 304 of FIG. 3; and

FIG. 7 shows an Object Eviction procedure 700, which is a
preferred embodiment of the step 440 “Evict Expired
Objects” of FIG. 4B.

DETAILED DESCRIPTION OF THE
EMBODIMENTS OF THE INVENTION

Embodiments of the present invention provide a cache
management method which aims to provide caching of web
objects, managed according to their probability of being
requested multiple times from the cache, thereby utilizing the
cache capacity more effectively.

The present invention takes into account the following
elements associated with the caching of media files, and web
objects (or simply “objects”) in general:

the fact that some media files are requested more fre-

quently, than others; and

the life time of media files is purposely limited.

Given that total cache memory capacity is limited, it there-
fore makes sense to (a) reserve available cache space for
storing the more frequently requested objects rather than the
less frequently requested objects, and (b) to evict expired
objects from the cache.

The first objective (a) is achieved in the embodiments of the
invention by delaying the caching of any object until the
number of requests for the object (a request is also commonly
referred to as a “hit”) have exceeded a certain threshold of
hits, the threshold being dynamically adjusted as a function of
cache space available.

The second objective (b) is achieved by organizing storage
of references to all active objects according to their respective
expiry times, such that an efficient eviction of all expired
objects from the cache is facilitated.
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FIG. 2 shows an enhanced media adaptation server com-
puter 200 according to an embodiment of the present inven-
tion, including a self-tuning cache management module
(SCM) 202 in addition to the adaptation engine 110, the
terminal profile database 112, and the Media Cache (also
referred as “the cache”) 114.

While the SCM 202 will be described in the context of the
enhanced media adaptation server 200 in conjunction with
the media cache 114, it is noted that SCM 202 itself may be
used generally for optimizing the caching of objects in any
cache, where each of these objects have, or can be assigned, a
defined life time attribute, and where the objects are cached to
be subsequently read from the cache at least a few times
during the life time of each respective object.

The self-tuning cache management module, or manager,
202 comprises a processor, or central processing unit (CPU)
204, a timer 205 and a non-transitory computer readable
storage medium, for example memory 206, wherein are
stored: a caching control module 208; an object registry 210;
a Hit Bucket array 212, also referred to as Hits Distribution
list 212; atime-to-live (T'TL) window array 214; a Hit Thresh-
old Register 216; and an Adaptation Savings array 218.

In one implementation, the self-tuning cache management
module (SCM) 202 is a computer system wherein the CPU
204 executes instructions of the caching control module 208
stored in the memory 206, to perform the functions of the
SCM 202, including operations on data stored in the object
registry 210, the Hit Bucket array 212, the time-to-live (TTL)
window array 214, the Hit Threshold Register 216, and the
Adaptation Savings array 218.

In another implementation, the SCM 202 may be imple-
mented as software only to comprise the software modules
and blocks 208-218 stored in the memory 206, i.e. may
exclude the CPU 204 and the timer 205 as part of the SCM
202, which instead may be part of the adaptation server com-
puter 200, wherein the software instructions stored in the
memory 206 cause the processor 204 to perform the function-
ality of the modules and software blocks 208-218 described
above.

For the convenience of the reader, a glossary of terms and
abbreviations is provided below.

Glossary

Note: objects registered and possibly cached are typically
“media” in the exemplary embodiments described. The more
general term “object” may also be used instead, and both
terms will be used interchangeably.

OOB Out-Of-Band

TPS Transaction Per Second

TTL Time To Live of an object. The TTL of an object may
be derived from a HTTP “expires” field or, if absent, a
default TTL value is substituted. Every objecthas a TTL,
which is established when the object is first registered in
the SCM. When the TTL of an object expires, the object
expires and is removed from the registry as well as the
cache if it was cached. If the object is subsequently
received (obtained from the source) again, and regis-
tered again, a new TTL value is set for the object.

TTL_max The configurable maximum TTL of any regis-
tered objects. It overrides any “expire” field from the
HTTP if the HTTP field is present and greater than
TTL_max. It is also the default value when the HTTP
“expire” field is absent.

TTL_avg Average expiration time over all registered
objects, recomputed each time an object is added to or
removed from the registry.

Convergence Phase A startup process when caching of
objects is begun.

10

15

20

25

30

35

40

45

60

65

8

Plateau Phase A normal operational phase after the Con-
vergence Phase has ended.

C_FR Cache Filling Rate: used in the Convergence Phase
to estimate the end of the Convergence Phase.

C_S Cache Size Threshold: a configured value less than
100% of the physical cache capacity, representing a
target limit for cache fill in the Plateau Phase.

C_conv Targeted cache fill during the Convergence Phase,
which rises from 0 to C_S with time.

T_conv Time elapsed since the start of the Convergence
Phase.

HT Hits Threshold: the number of hits that a registered
object must have received before it is cached, for
instance if HT=3, the object will only be cached on the
4th hit.

HT-Update-Interval A configurable recurring time inter-
val, after which HT is updated.

OOB object An out-of-band object, such as a media file
received from the media source 102.

C_tot Total cache usage (usage=fill) which includes
cached OOB objects plus cached adapted (i.e.
transcoded and transrated) versions. C_tot is used to
describe the amount of bytes cached, computed by sum-
ming the sizes of objects cached.

C_OOBconv Target of cache usage for OOB objects, not
including adapted versions, during the Convergence
Phase.

T_upd Cache update interval, equal to the HT-Update-
Interval.

C_incr Expected cache fill increase between updates of
HT. C_incr does not reflect the change in occupancy
because it does not include expired objects, only added
objects.

HT_cor HT correction: an integer amount by which HT is
increased or decreased at each update interval.

C_plat Cache size threshold during the Plateau Phase,
equal to C_S.

C_OOBplat Target of cache usage for OOB objects, not
including adapted versions, during the Plateau Phase.
SB Saved bandwidth: SB is the difference in size between
a cached adapted object and its original (or source) ver-
sion. SB is a characteristic of the cached adapted object.
For example if a cached adapted object is the source
media itself, then SB is 0. If the cached adapted object is
a transcoded version of size 100 MB and the source was

150 MB, then SB is 50 MB.

P_i Profile of a destination type “i”” for which adaptation
(transcoding only) of the object is performed.

ABS_i Average bandwidth saving factor for a given profile
P_i.

HT_TN Hit Threshold for adapted media, normalized for
each profile P_i.

TTL_Window A list of references to all non-expired
objects in the cache, roughly or exactly in the order of
their expiration time.

TTL_bucket In the preferred embodiment, the TTL Win-
dow is a circular array of TTL buckets of limited size.

TTL_bucket_size Time span covered by the expiration
times of objects referenced in a single TTL bucket,
equivalent to one HT-Update-Interval.

The object registry 210 is used to store an object informa-
tion record for every OOB object requested, the object infor-
mation record being created when the OOB object is first
requested. The object information record is deleted when the
corresponding object expires, whether it was cached or not.
The time-to-live (TTL) window array 214 is used to enable
efficient deletion of objects according to embodiments of the

173333
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invention. The Hit Bucket array 212 in which the hits distri-
bution is recorded, and the Hit Threshold Register 216, are
used in the management of caching objects in general, while
the Adaptation Savings array 218 is used in the management
of caching adapted objects according to embodiments of the
invention.

Theory of Operation

FIG. 3 shows a functional diagram 300 in which the opera-
tion of the SCM 202 is summarized, including a Convergence
Phase 302 and a Plateau Phase 304.

The caching conditions are split into two successive
phases: the convergence phase 302 and the plateau phase 304.
While the SCM 202 is in the convergence phase 302, the
media cache 114 is gradually filled by the most popular media
objects and their different dependent versions. At the end of
the convergence phase 302, the media cache 114 is nominally
full. When the plateau phase 304 starts expired media objects
will have been removed from the cache and replaced by new
objects.

The duration of the convergence phase 302 is chosen care-
fully to make sure that objects indeed start to expire by the end
of'the convergence phase 302. On the other hand, the plateau
phase 304 is designed to run in a continuously self-adjusting
equilibrium of caching objects and deleting expired objects.
The release of expired objects and their removal from the
SCM 202, and from the cache 114 in particular, will be
described further below.

In both the Convergence Phase 302 and the Plateau Phase
304, the SCM 202 receives caching requests for objects which
may be Out-Of-Band (OOB) Objects, i.e. original objects
sent from the media source 102, or they may be adapted
objects sent from the Adaptation Engine 110 to the SCM 202.
In either case, the caching requests may typically result from
media requests received by the enhanced media adaptation
server 200 from any of the Media Clients 104. The enhanced
media adaptation server 200 may satisfy such media requests
directly if the appropriate OOB or adapted object is already
cached, and if necessary adapt the OOB object into an
adapted (transcoded or transrated) object for transmission to
the requesting Media Client 104 as is common practice for
example in the media adaptation server 106 of the prior art.

In addition, the SCM 202 will record all caching requests,
and cache OOB or adapted objects only in accordance with an
innovative caching policy, an embodiment of which is
described in detail below.

Because adapted versions of an object are always depen-
dent on an OOB object, adapted versions may also be referred
to as “dependent objects”, and the associated OOB object will
also be referred to as the “parent object”. The OOB objects
and dependent objects may or may not be cached, but the
dependent objects are never cached unless their parent object
is also cached.

Convergence Phase Behaviour

During the convergence phase 302 the SCM 202 gradually
fills the cache 114, the biggest challenge being to fill the cache
114 completely by the end of that phase with only the most
popular media.

The convergence duration is designed to be long enough to
allow the earliest cached media object to expire. Hence the
SCM 202 uses an expiration time for each registered media to
compute the duration of the convergence phase 302. A regis-
tered object (registered in the object registry 210), is an object
associated to a caching request received by the SCM 202, and
which is still valid, valid in the sense that it has not already
expired. A registered object may or not be cached. For the
purpose of deriving a target duration of the convergence phase
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302, one may use the average expiration time taken over all
registered objects, denoted TTL_avg.

Hence the convergence phase 302 lasts TTL,_avg and when
it is complete the cache 114 should ideally be “full”. This
allows computing a cache filling rate:

C_FR=C_S/TTL avg

Where C_FR is the cache filling rate and C_S is a cache
size threshold, which represents a fraction of the total cache
size (cache capacity) allowed by the configuration of the
cache 114.

This fraction of the total cache size is itself configurable.
The reason, C_S should be less than the cache capacity, is to
allow the cache self-tuning process to converge to a cache
usage and then oscillate around it.

The cache filling rate C_FR is a target designed to neither
underflow nor overflow the cache 114. From this rate one can
then compute a target cache fill at any time during the con-
vergence phase:

C _conv=C__FR*T conv

where C_conv is the targeted cache fill and T_conv is the time
elapsed since the beginning of the convergence phase 302. In
these computations, it is assumed as a simplification, that the
variation of the rate at which objects are registered, or TPS
(transactions per second), is negligible.

Hits Distribution List

Although the preceding paragraph describes a reasonable
way to compute the desired cache usage at any time during the
convergence phase 302, it is also necessary, according to the
concepts of the invention, to enforce the caching of the more
popular objects over less popular objects.

If the SCM 202 had unlimited CPU power, one could
theoretically create a hit-ordered list of all objects based on
the number oftimes these objects were requested (or hit). The
SCM 202 would then scan this list from the most popular to
the least popular object and the most popular objects would be
cached until the sum of their sizes reaches the targeted cache
fill C_conv. This list would have to be updated every time a
new request comes in, in order to move the requested object
higher in the list, verifying if it passes the last (least popular)
of'the cached objects and potentially replacing it in the cache
if the cache overflows. Overflowing the cache means in this
case, the current cache usage would exceed the computed
target cache usage C_conv.

Such a text-book implementation however, would be very
CPU intensive when a high rate of requests (TPS) occurs. To
avoid this problem, the SCM 202 uses buckets indexed by the
number of hits (hit buckets) and accumulate in hit bucket N
the size of all objects that have been requested N times. When
the SCM 202 receives the Nth request for an object, its size is
removed from hit bucket N-1 and added to hit bucket N. The
hit buckets are ordered from highest index to lowest index and
stored as an ordered hits distribution list. Alternatively, the
hits distribution list may be implemented as an indexed array,
stored in the Hit Bucket array 212 of FIG. 2, which is
described in more detail in FIG. 3A below. Because all
objects will eventually expire, and their sizes eventually
removed from their respective hit buckets, both the necessary
number of hit buckets as well as their individual capacity are
bounded.

The Hit Bucket array 212 is scanned from highest index N
to lowest index and the accumulated object sizes stored in
each bucket are summed, until the size sum is greater than the
targeted cache usage C_conv. If the last bucket included in the
size sum has index M, then every registered media requested
more than M times can be cached without overtlowing the
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cache. Hence this implementation insures that only the most
popular are cached and the cache is completely, or nearly
completely, filled. For the remainder of the description, this
threshold index M will be referred to as a hit threshold (HT).
Cache Usage for Out-Of-Band versus Adapted Objects

The previous section only covers the caching of OOB
objects, for example objects received from a media source
102 to be cached and compressed (adapted) eventually. In the
SCM 202, the same media cache 114 is used for caching the
OOB objects and adapted objects each of which depends
from an OOB object. Hence if an OOB version is cached
when it has been requested more than HT times, the same
could and should apply for dependent objects.

This consideration affects the computation of HT, if the hits
distribution list only stores the OOB version size but the cache
may contain both the OOB version and dependent (adapted)
versions. Hence, using the HT criterion as computed in the
previous section could fail because the cache could overflow
since more versions will be cached than intended.

Consequently, although the sizes of adapted objects should
be taken into account in the hits distribution, it is not possible
to know these sizes at OOB object registration time, i.e.
before any adaptation of the OOB object takes place. On the
other hand we know how many OOB object bytes are cached
relative to the sizes of corresponding dependent objects
which it is desired to cache also. Using a proportionality rule
we can recompute a targeted OOB cache usage at any point of
the convergence phase:

C_OOBconv=C_conv*(C_OOB/C_tot)

where C_OOB is the size of the already cached OOB objects
and C_tot is the total cache usage which includes the sizes of
all OOB and dependent objects (e.g. transrated and
transcoded media) that have been cached so far. Using this
C_OOBconv value as a target cache fill during the Conver-
gence Phase 302, instead of C_conv alone, one can confi-
dently compute HT as described above.

Real-Time Adaptation of the Caching Criterion

As described above, the caching criterion, i.e. the hits
threshold HT, is only strictly valid when the rate variation of
caching requests (TPS) is negligible. In a real deployment
that will not the case and it is necessary to correct HT as the
TPS evolves. When the TPS increases (or decreases), the
caching rate is greater (smaller) than C_FR, the cache filling
rate during the convergence phase. As a consequence the
cache could overflow (underflow) and it will become neces-
sary to increase (decrease) the hits threshold HT to admit less
(more) media in cache. Although this strategy is clear in
principle, its quantification is not obvious: how much should
HT be increased or decreased as the case may be?

In order to estimate an HT correction, we propose the
following: Although the hit distribution implementation itself
is economical, it is not efficient or practical, to recompute HT
for every received caching requests. As consequence, a peri-
odic ht-update interval is proposed that results in a config-
urable refresh rate for HT. The ht-update interval will be
simply referred to as a cache update interval T_upd.

Between each HT update during convergence phase, the
cache usage increase is equal to:

C_iner=C__S*(T_upd/TTL_avg)

Where C_incr is a proportional measure of the cache
increase between updates, C_S is the cache size threshold and
T_upd is the cache update interval. TTL_avg is the average
time to live of all registered objects, and is used to define the
duration of the convergence phase 302: after TTLavg, the
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cache is expected to be full. With these parameters, a HT
correction may be computed as:

HT_cor=IntegerRound((C_tot-C_conv)/C_incr)

Where HT_cor is the HT correction used for incrementing
HT. C_tot is the total cache usage at update time and C_conv
is the targeted cache usage at update time.

This correction is reasonable as it is proportional to the
difference between the targeted and the current cache usage.
Furthermore, small variations in cache usage between
updates are accepted without correction as there will be time
to react again at the next update time.

The method for periodically adapting the hits threshold HT
to the actual cache usage, is used in both the, convergence
phase 302 and the plateau phase 304.

The convergence phase starts with the first request received
by the SCM 202. At the same time HT is first updated and set
to 2, its start-up value. It will remain 2 until the second HT
update, an HT-Update-Interval later. This may seem
unwanted behaviour as this could allow the caching of objects
that may not turn out to be popular enough. On the other hand,
the ratio (C_OOB/C_tot) will be more meaningful from the
second update interval on. Simulation tests have shown that
HT rapidly converges to a stable value, and that only a small
number of less popular objects are cached at the start of the
Convergence Phase 302. These objects are also likely the first
ones to expire and to be removed from the cache.

Plateau Phase Behaviour

The convergence phase 302 ends after TTL_avg and the
plateau phase 304 starts. At that point the cache is full and
cache recycling has already started since some objects have a
smaller TTL than TTL_avg and have already expired.

In the plateau phase, the targeted cache usage, C_plat, is
simply C_S, the cache size threshold, and the targeted OOB
cache usage is

C_OOBplat=C_S*(C_OOB/C._tot)

To compute HT in the plateau phase 304, C_OOBplat is
used in the same way as C_OOBconv was used to compute
HT in the convergence phase 302.

The same rationale for the HT correction continues to
apply in the plateau phase 304 as during convergence phase
302:

HT_cor=IntegerRound((C_tot-C__S)/C_incr)

The term C_incr refers to an artificial number, which
describes the net expected amount of object arrivals in terms
of'their size during one update interval, and is a true increase
in cache “occupancy” only during the Convergence Phase,
and before objects actually expire and are removed from the
cache. But the same number is also used in the Plateau Phase
where, as shown in the formulas, it works exactly the same
way. But in a stable system of course, there is normally no net
increase in cache occupancy, i.e. when newly cached objects
are balanced with expiring objects in the same time period. In
the Plateau phase, C_incr (which can be also referred to as
arriving object volume C_arr) really means just an assumed
or expected amount of objects, i.e. their volume measured in
bytes, arriving into the cache. But the same number, more or
less, of other objects expire by their TTL in the same time
interval, and are removed from the cache. So at equilibrium,
there is no net increase in cache “occupancy”, and HT stays
the same when the expected amount of cached arrival bytes
(C_incr or C_arr) is more or less balanced by the volume of
bytes in objects that are removed from the cache in the same
time (departed object volume C_dep). Accordingly, HT
increases (or decreases) when there is more (or less) arriving
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object volume than departing object volume in an update
interval, as described above. In summary, in the Convergence
Phase, the cache grows until it is “full”, but in the Plateau
phase it stays full, by exactly the same mechanism.

In other words, C_incr is computed during the Conver-
gence phase, and the number obtained is also used in Plateau
phase even though the same the same name has been kept in
the Plateau phase. The physical meaning of C_incr is that it
determines the reactivity of the method to non-negligible TPS
variation and in this sense it applies equally to both the Con-
vergence and Plateau phases. C_incr is not used as is but
divides the difference between the actual cache usage and the
targeted cache usage, this difference being proportional to the
TPS variation. Under large C_incr (large update interval) the
HT will vary slowly, damping the TPS variation. Under small
C_incr the HT will vary rapidly following more closely the
TPS variation.

Hit Bucket Design

Each unique requested object is registered in an OOB
object record in the Object Registry 210, and repeated
requests (“hits”) for the same object are counted in the OOB
object record associated with the object. When objects are
requested, they are identified with a unique object identifier.

Every adapted object is associated with its parent OOB
object in the Object Registry 210, from which it is generated
by transcoding (transforming an object encoding format to a
particular encoding format used by the destination), transrat-
ing (recoding of an object to a lower bitrate without changing
the format), compression, or some other form of conversion.
A media request frequently identifies an OOB object, which
then requires transcoding or transrating according to a termi-
nal profile that is specific to the terminal used by the request-
ing media client. The terminal profiles are stored in the ter-
minal profile database 112 of the terminal profile database
112.

Only OOB objects have an object record entry in the Object
Registry 210. Hits to all adapted objects are registered as
dependent objects in the parent OOB object record. Most
OOB objects arrive in the SCM with a Time-To-Live (TTL)
attribute which implies an absolute expiry time. A config-
urable default TTL is assigned to every OOB object that
arrives without a TTL already specified in the request. As
soon as the expiry time of an OOB object occurs or shortly
thereafter, the OOB object and all its associated dependent
objects are removed from the Object Registry 210, and from
the cache if they were cached. It is as if the objects never
existed. If the same object is requested again at a later time, it
will be registered as a new object, and possibly adapted or
cached.

The Hit Bucket Array 212 is used to manage which objects,
OOB objects and dependent objects, are cached, while the
TTL_Window 214 is used to manage the expiry of each OOB
object, according to its TTL, regardless of whether it was
cached or not. Any dependent objects that were cached are
also removed from the cache when the parent OOB object
expires.

FIG. 3A shows a graphical illustration 310 of the concept
of managing cache insertions with the help of the Hit Bucket
Array 212. This concept applies to both the Convergence
Phase 302 and the plateau phase 304. FIG. 3A illustrates in a
histogram an exemplary state of the Hit Bucket Array 212,
showing index “N”, N=1 ... 9, and illustrative contents (in
MegaBytes) of each Hit Bucket HD[N], which are shown as
blocks whose size illustrates to the value of hit bucket HD[N].
The value of each HD[N] is the sum of all OOB object sizes
currently registered in the object registry 210 that have
received exactly N hits.
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Nine (9 hits) is shown in FIG. 3 A as the highest number of
hits of any object at some point in time when HT is updated.
The range covered by the Hit Bucket Array 212 is automati-
cally extends to the highest number of hits experienced by any
object that is still registered and not yet expired.

The example illustration is reduced in scale for clarity, with
N_max=9, and individual HD[N] values ranging from
HDI[1]=190MB downto HD[8]=22 MB, and HD[9]=22 MB.
The hit threshold HT (HT=S5 in FIG. 3A) divides the hit
buckets two ranges. Only OOB objects with more than HT
hits will be cached, thereby achieving the objective of caching
the more popular OOB objects in the available cache space.

The sum of the sizes of HD[6] to HD[9], i.e the sizes of
OOB objects in hit buckets above HT, is shown as a block of
142 MB.

The Cache 114 is also shown diagrammatically in FIG. 3A,
as a block representing an example capacity of 200 MB. The
cache 114 holds (at this point, in this example) an OOB
objects block 312 of OOB objects totaling 142 MB and,
shown in dotted outline, a dependent objects block 314 of 22
MB, thatis C_tot-C_OOB.

Below the block of the Cache 114 are illustrated numerical
examples of:

C_s of 180 MB, which is the configured cache size thresh-
old, a configured value less than 100% of the cache
capacity, representing a target limit for cache fill in the
Plateau Phase, (the proportionally growing target cache
usage C_conv plays the same role in the Convergence
Phase);

C_tot of 160 MB, which is the current total cache fill
including all cached OOB objects as well as any cached
dependent objects; and

C_OOB of 142 MB, which is the sum of the OOB objects
whose sizes are recorded in the hit buckets HD[6] to
HDI[9], i.e. the hit buckets with an index above the hit
threshold HT.

The value of C_OOB in the example of FIG. 3 A, illustrates
that the sum of the OOB objects of hit buckets with index
above the hit threshold HT fit within the target cache size. An
addition of the 65 MB of the OOB objects from the hit bucket
HD[5], just below HT would not fit in the cache 114.

On the other hand, the sizes of dependent objects (which
are always adapted versions of OOB objects that are already
registered) are not captured in the object size accounting
provided by the hit buckets. The total size of all cached items
C_tot however does include the dependent objects. In the
example of FIG. 3A, the value of C_tot amounts to 160 MB,
still within the target limit of C_s of 180 MB.

Managing Cached Media Expiration with a TTL Window 214

The caching criteria self-tuning implementation depends
heavily on the fact that objects are removed expediently from
the cache. A deterministic way to get rid of the expired media
is proposed, based on the TTL window 214.

The TTL window 214 is a TTL-ordered container for all
non-expired objects currently registered in Object Registry
210. Since the TTL window 214 is intended to hold only the
non-expired objects, it has a maximum size in terms of time
span, named TTL_window_size. As the objects time span is
limited by the configurable parameter TTL_max, the TTL
window size is fixed throughout and is equal to the config-
urable TTL_max.

The first time a request for an object is received, its expi-
ration time is computed and a object descriptor (not the object
itself) is inserted in the TTL window which may be imple-
mented as a single time-ordered list, at the appropriate loca-
tion. It would be very time consuming to insert objects, or
search for objects, in a single time-ordered list containing all
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object reference. Instead, according to the preferred embodi-
ment of the invention, the TTL window 214 is realised in the
form of TTL_buckets, and the object descriptors are stored in
the TTL_buckets, where each TTL_bucket covers a fixed
shorter time period: TTL_bucket_size. Note that the TTL _
buckets are not TTL-ordered containers of object descriptors
but that that the TTL-buckets themselves are TTL-ordered
within the TTL_window.

The TTL window 214 may be implemented as a circular
array of TTL buckets with a number of W=(TTL_window
size/ TTL_bucket size) TTL buckets in the TTL window 214.
Furthermore, it will be natural as we will see later to define the
HT-Update-Interval to cover the same short time period as the
TTL_bucket_size.

Each TTL bucket may contain a doubly linked list of object
descriptors, which contain the object information. When first
registered, each object descriptor is added to a TTL bucket
whose time span overlaps with the future expiry time of the
object. The TTL bucket position in the TTL window, or more
simply the TTL Bucket index in which the object descriptor
will be inserted is computed using the object TTL and regis-
tration time:

index=((Registration Time+TTL)MODULO TTL_
window_size)/TTL_bucket_size.

When a TTL bucket expires, which means that its entire
time span is later than the current time, the TTL bucket list of
object descriptors is moved outside the TTL_window into an
expired list. The expired list can contain the object descriptors
from different TTL buckets and will be processed later for
deletion: all the objects referred by the expired list will be
deleted from the Object Registry 210 and from the Cache 114.

Having a separate processing thread that monitors the TTL
window for expired buckets may be an option. But a preferred
method is to only monitor the TTL window when a new object
is about to be added to the cache and its reference is added to
a TTL bucket.

At that time, it is verified that the expiring list head of the
“now” TTL bucket (the TTL bucket at the current TTL index
which is equal to ((current time MODULO TTL_window_
size)/TTL_bucket_size), is not expired. If that is the case,
then all elements in the list in that TTL bucket have also
expired and the entire list of the “now” bucket is removed
from the “now” TTL bucket and moved to the expired list, or
linked to expired objects already in the expired list. The
expired list is emptied when it becomes necessary to insert an
object and the cache is nearly full(the cache fill approaches
C_S), thereby creating free space in the cache.

It is also necessary to handle appropriately the case where
caching events are not frequent, for example when less than
one caching request is received per time span covered by one
TTL bucket. In this case, it is verified that the expiring list
head of the “now” TTL bucket is not expired before linking
any newly received object to it.

When a TTL bucket expires, the self-tuning hits distribu-
tion list (the Hit Buckets 212) are updated by removing the
object sizes of expired objects from the appropriate hit
bucket, the one indexed with the OOB media hit count.
Because the cleaning of the TTL window 214 has a direct
effect on the caching criteria self-tuning, it is natural to set the
HT-Update-Interval, which defines the frequency at which
the hit threshold HT is updated, to the value of TTL_bucket_
size.

FIG. 3B shows anillustration 320 of a concept of managing
the expiry of objects using the TTL. Window 214. FIG. 3B
shows a vertical time line on the left, marked at intervals
corresponding to the cache update interval T_upd. The time
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span covered in FIG. 3B includes a configured maximum life
time TTL_max which will not be exceeded by any object.
Also shown is the TTL Window 214 including one TTL
Bucket 322 corresponding to each update interval T_upd.
System time starts at 0 when the system is first started, and
wraps around after each period of TTL_max by resetting to 0.
Each TTL Bucket 322 (only one expiring TTLbucket 322x is
shown for clarity) may contain a list 324 of all objects which
are scheduled to expire immediately after the update interval
that corresponds to their expiry times.

FIG. 3B illustrates the life history of an example object “K”
which, as indicated along the time line, is registered in the
Object Registry 210 when the object first requested (1st). At
that time, an expiry time (K) for the object “K” is computed,
either from a relative or absolute TTL value obtained in the
request, or from the configured default TTL. A node 326
referencing the object “K” is added to the list 324 in the TTL
bucket (322x) of the update interval into which the expiry
time (modulo TTL-max) of the object “K” falls.

Also shown in FIG. 3B is a time at which (in this example)
the object “K” is assumed to receive its 4th hit, and may
finally be cached, assuming the hits threshold HT=3 at that
point in time (see description ofhit bucket operation, FIG.3A
above). The object “K” may receive further hits after it is
cached, indicated as 5th and nth hits in the diagram of FIG.
3B.

At end of the T_upd interval that corresponds to the TTL
bucket 322x, the object “K” has expired, along with all other
objects in the list 324 of TTL bucket 322x. The TTL bucket
322x may then be emptied into an Expired List 328 which will
be processed to clear all objects contained in the list 324, from
the object Registry 210 and, if cached, from the media cache
114. From now on, object “K” has disappeared from the
system.

The two phases 302 and 304 shown in the functional dia-
gram 300 are both concerned with tracking caching requests,
deciding whether or not to cache an object, and when to
remove expired objects from the cache.

The Convergence Phase 302 is only executed once, after a
fresh start or a reset of the SCM 202. While the SCM 202 is in
the convergence phase 302, the cache is slowly filled by the
most popular objects and their different adapted versions. At
the end of the convergence phase, the cache is full. When the
plateau phase 304 starts, expired objects are removed from
the cache and gradually replaced by newly requested objects.
The duration of the convergence phase 302, i.e. TTL_avg, is
chosen to make sure that objects have indeed started to expire
before the plateau phase starts. In the plateau phase 304,
additional popular objects are cached while expired objects
continue to be removed according to their TTL, thus provid-
ing an operational equilibrium in which the cache is kept full
(or as full as possible) by tracking all requested objects, and
always admitting only the most popular objects to be cached.

Embodiments of the plateau phase 304 and the Conver-
gence Phase 302 are illustrated in flow charts which follow.

FIG. 4 shows a Convergence Phase function 400 for imple-
menting the Convergence Phase 302, including steps:

402 “Set T0:=start of Convergence Phase”;
404 “Receive Caching Request for object ‘K’, having size

‘S’, at time T,

406 “Is 1st Request for ‘K’?”;

408 “Update TTL_avg with TTL of ‘K””;
410 “Is T1>=T0+TTL_avg ?”*;

412 “Analyze Caching Request”;

424 “Update cache usage target”;

426 “Determine caching of object ‘K*”;
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In the step 402 “Set T0:=start of Convergence Phase”, at
the start of the Convergence Phase 302, which starts when the
first object request is received in the SCM 202. TO is set to a
predetermined value, for example to the actual time as pro-
vided by the Timer 205, or simply to zero.

In the step 404 “Receive Caching Request for object ‘K’,
having size °S’, at time T1”, execution waits until a caching
request for an object is received. When a caching request for
an object is received, the object will be referred to as object
‘K’. Subsequent requests may be for the same object or a
different object, but each received object is referred to as
object ‘K’ within this function description. The size ‘S’ of the
object, measured in bytes, is recorded, and the current time T1
of the request may also be recorded.

In the step 406 “Is 1st Request for ‘K’?”, a record R[K]
representing the object ‘K’ is searched in the Object Registry
210, ‘K’ representing the object identifier of the received
object for this example. If R[K] is not found, the object ‘K’
has never been requested, or possibly had been requested in
the past but had already been removed from the object registry
because ithad expired. In this case of a first request (exit “Yes’
from step 406) the next step 408 is executed, otherwise step
410 is executed.

In the step 408 “Update TTL_avg with TTL of ‘K’”, the
average TTL of all registered objects is updated or effectively
recomputed to include the TTL of the newly requested object
‘K’ in TTL_avg.

In the step 410 “Is T1>=T0+TTL_avg?”, the end of the
Convergence Phase 302 is determined by comparing the cur-
rent time T1 with the average TTL, added to the start time T0.
If the Convergence Phase 302 has been active for a period
exceeding, or equal to, the average TTL, the Convergence
Phase 302 is ended (exit yes from the step 410) and the
Plateau Phase begins (see FIG. 6), otherwise execution of the
Convergence Phase 302 continues with the step 412.

In the step 412 “Analyze Caching Request”, the Object
Registry 210 and the Hit Distribution in the form of the Hit
Buckets 212 are updated with the requested object ‘K’.

FIG. 4A shows a subroutine for performing the step 412
“Analyze Caching Request”, including steps:

414 “Ts 1st Request for ‘K’?”;
416 “Update ‘K’ in Registry”;
418 “Update Hit Bucket Array”;
420 “Add ‘K’ to Registry”; and
422 “Add ‘S’ to Hit Bucket [1]”.

In the step 414 “Is 1st Request for ‘K’?”, a record R[K]
representing the object ‘K’ is searched in the Object Registry
210, ‘K’ representing the object identifier of the received
object for this example. If R[K] is not found, the object ‘K’
has never been requested, or possibly had been requested in
the past but had already been removed from the object registry
because ithad expired. In this case of a first request (exit “Yes’
from step 414) step 420 is executed next, otherwise step 416
is executed.

Inthe step 416 “Update ‘K’ in Registry”, the hits number N
recorded in the object information record R[K] in the Object
Registry 210 is updated by incrementing R[K].N.

In the step 418 “Update Hit Distribution”, the size ‘S’ of the
object ‘K’ is subtracted from the hit bucket HD[N-1], and
added to the hit bucket HD[N]. After the step 418, the Analyze
Request step 412 is complete, and the subroutine “Analyze
Caching Request” returns.

In the step 420 “Add ‘K’ to Registry”, the object ‘K’ is
registered, that is:

a new OOB object record R[K] is created;

the number of hits for object ‘K” in the OOB object record

R[K] is set equal to 1;
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an expiry time for ‘K’ is computed from the TTL of ‘K’;

and

a reference to ‘K’ is inserted in the corresponding TTL_

bucket of the TTL,_Window.

In the step 422 “Add S’ to Hit Bucket [1]”, the size ‘S’ of
the object ‘K’, having been requested for the first time, is
added to the sum of object sizes stored in the Hit Bucket[1].
After the step 422, the subroutine “Analyze Caching
Request” returns.

In the step 424 “Update cache usage target” (FIG. 4), the
cache usage target C_conv is updated using the following
formula:

Target C_conv:=((71-70)/TTL_avg)*(Cache size
in which C_S, the cache usage target of the Plateau Phase, is
scaled down in proportion to the elapsed time (T1) since the
start time (T0), relative to the current average TTL of all
objects registered so far.

In the step 426 “Determine caching of object ‘K’”, the hit
threshold HT is updated and the object ‘K’ is cached ifitis not
already cached, provided its hit count is at least equal to, or
exceeds, the hit threshold, and there is space for the object in
the cache.

After the step 426, execution of the Convergence Phase
function 400 restarts with the step 404, thus forming a loop
from the step 404 to the step 426, which continues until the
end of the Convergence Phase 302 is reached (as determined
in the step 410), at which time execution of the Plateau Phase
304 starts.

FIG. 4B shows a subroutine for performing the step 426,
including steps:

428 “Update Hit Threshold HT”;

430 “Is value of hits N in Registry record R[K]<=HT?”;
432 “Is there space for size ‘S’ in cache?”

434 “Is ‘K’ already cached?”;

436 “C_tot:=C_tot+S”;

438 “Send ‘K’ to cache™;

440 “Evict Expired Objects”;

442 ““Is there sufficient space in cache now?”;

In the step 428 “Update Hit Threshold HT”, the hit thresh-
old HT is updated as shown in the following FIG. 5.

FIG. 5 shows a subroutine 500 for performing the step 428
“Update Hit Threshold HT” of FIG. 4, comprising steps:
502 “Set summed size, SZ:=0";

504 “Set hit bucket index i:=N_max;
506 “Add accumulated size to summed size, SZ:=SZ+

HD[i]”;

508 “Is SZ>=(greater or equal) target?”;
510 “Decrement index i:=i-1"";

512 “Is index i=0?”; and

514 “Set hit threshold HT:=i".

The subroutine 500 with which the step 428 “Update Hit
Threshold HT” may be implemented, includes a summing
loop 516 (steps 506 to 510) in which a summed size “SZ” is
computed by adding the accumulated cached OOB object
sizes from the hit buckets according their hit number (hit
bucket index “1”), starting at the highest hit bucket index, and
continuing until either SZ is greater or equal to the target, or
the index i has reached zero.

The variables “SZ” and “1” used in the summing loop 516,
are initialized to 0 and N_max in the steps 502 and 504
respectively. N_max is the hit bucket index corresponding to
the highest number of hits of any OOB object currently stored
in the cache. In the summing loop 516, “SZ” is accumulated
by adding the object sizes (OOB objects only) that have been
accumulated in each indexed hit bucket (step 508), and dec-
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rementing the hit bucket index “i” (step 510) on each itera-
tion. Summing of “SZ” stops when “SZ” exceeds the cache
usage target, also referred to simply as “target” (which s fixed
at C_S in the plateau phase, but gradually rises until C_S is
reached in the convergence phase). Summing of “SZ” would
also stop if the index “i” reaches 0 (the condition is tested in
step 512), which would indicate that the cache is empty,
presumably because all cached object have already expired.

Please see also FIG. 3A which illustrates the relationship

between the size values accumulated in the hit buckets HDJi],

the targeted cache usage C_OOB, and the cache size thresh-
old (C_S) in the case of the plateau phase.

In the step 514, the hit threshold HT is set to the last value
of the hit bucket index “1”, following which the Update HT
function 500 returns the updated value of HT.

The reader’s attention is directed now back to FIG. 4B.

In the step 430 “Is value of hits N in Registry record
R[K]<=HT?”, the registry record R[K] in which the object
“K” is registered, is inspected and the recorded hit count of
“K” compared with the hit threshold HT. If R[K].N is less
than or equal to HT (exit “yes” from step 430), the object “K”
is not cached, the step 426 is complete, and the subroutine of
FIG. 4B returns. Otherwise (exit “no” from step 430), execu-
tion continues with the step 432 “Is there space for size ‘S’ in
cache?” in which it is determined whether there is space in the
cache for the object “K” with the size ‘S’. If there is not
sufficient space (exit “no” from step 432), execution contin-
ues with the step 440 “Evict Expired Objects”, otherwise (exit
“no” from step 432) execution continues with the step 434.

In the step 434 “Is ‘K’ already cached?”, it is determined
whether the object “K” is already cached. This should not be
true if this was a first request for caching “K”, but could be
true on subsequent requests, see FIG. 4A. If “K’ is already
cached (exit “yes” from step 434) the step 426 is complete and
the subroutine of FIG. 4B returns, otherwise (exit “no” from
step 434) execution continues with the step 436 “C_tot:=
C_tot+S” in which the size ‘S’ is added to the total cache
usage C_tot, followed by step 438 “Send ‘K’ to cache” in
which the object “K” is sent to the cache 114 to be cached.
After the step 438, the step 426 is complete and the subroutine
of FIG. 4B returns.

It is noted that after failure of the step 432 “Is there space
for size ‘S’ in cache?” (exit “no”), the subroutine of FIG. 4B
could return immediately as shown in a dashed line. This
would assume that object eviction from the cache would run
in a separate processing thread. But, as indicated earlier, the
processing of evicting expired media from the cache 114 is
preferably only done when cache space is needed in the step
440 “Evict Expired Objects”. An implementation of the step
440 is shown in more detail in FIG. 7 below.

In the step 442 “Is there sufficient space in cache now?”, it
is determined again whether there is space in the cache for ‘S’,
the size of the object ‘K. If there is space now (exit “yes”
from step 442), execution continues with the step 434, other-
wise (exit “no” from step 434) the step 426 is complete and
the subroutine of FIG. 4B returns.

FIG. 6 shows a Plateau Phase function 600 for implement-
ing the Plateau Phase 304, including steps:

602 “Receive Caching Request for object ‘K’ having size
‘S’ which has the same functionality as the step 404 of
FIG. 4, but without the need to record the current time T1;

604 “Analyze Caching Request”, which is identical to the step
412 (FIG. 4A);

606 “Set cache usage target:=C_S”, in which the cache usage
target is set to the fixed value C_S that was configured for
use in the Plateau Phase 304; and
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608 “Determine caching of object ‘K’”, which is identical to
the step 426 (FIG. 4B).

After the step 608, execution in the Plateau Phase function
600 restarts with the step 602, forming a loop from step 602 to
step 608 which runs indefinitely.

FIG. 7 shows an Object Eviction procedure 700, which is a
preferred embodiment of the step 440 “Evict Expired
Objects” of FIG. 4B, and runs whenever there is a need to
create space in the cache, as described above. Alternatively,
the Object Eviction procedure 700 may also run periodically,
e.g. at the end of each update interval T_upd.

The Object Eviction procedure 700 comprises steps:

702 “For each object ‘K’ in Expired List do:”;
704 “Set N:=R[k].N and S:=size of ‘K’”’;

706 ““Is system in Convergence Phase?”;

708 “Remove TTL of ‘K’ from TTL_avg”;
710 “Set HD[N]:=HD[N]-S";

712 “Was object ‘K’ cached?”;

714 “Set C_OOB:=C_0OOB-S7;

716 “Remove ‘K’ from the cache”; and

718 “Remove ‘K’ from the registry”.

In the step 702 “For each object ‘K’ in Expired List do:”,
the object references in the Expired List 328 (see FIG. 3B) are
scanned. Each object is successively removed from the
Expired List 328 and temporarily named ‘K’, to be removed
from the system by executing the steps 704 to 718. The steps
704 to 718 collectively form a procedure 720 for evicting each
individual object.

In the step 704 “Set N:=R[K].N and S:=size of ‘K’”, a
number ‘N’ indicating the number of times the object ‘K” had
been requested before expiring, and the size ‘S’ of the object
‘K’, are retrieved from the object registry 210.

In the step 706 “Is system in Convergence Phase?”, it is
determined whether the SCM 202 is (still) in the Convergence
Phase 302. If the Convergence Phase 302 is still active (exit
‘yes’ from step 706) step 708 is first performed before step
710, otherwise (exit ‘no’ from step 706) step 708 is skipped
and step 710 follows immediately.

In the step 708 “Remove TTL of ‘K’ from TTL_avg”, the
average time-to-live (TTL_avg) is recomputed by removing
the TTL of the object ‘K’ from the average TTL (TTL_avg).

In the step 710 “Set HD[N]:=HD|N]-S”, the value stored
in the hit bucket of the hits distribution list 212 which had
accumulated object sizes of objects having had ‘N hits, i.e.
HDIN], is reduced by the size ‘S’ of the object ‘K.

In the step 712 “Is object ‘K’ cached?”, it is determined
whether the object ‘K’ is cached. If it is not cached (exit ‘no’
from step 712) step 718 is executed immediately, otherwise
(exit ‘yes’ from step 706) steps 714 and 716 are executed
before step 718.

In the step 714 “Set C_OOB:=C_0OOB-S8”, the recorded
cache usage by OOB objects (C_OOBconv or C_OOBplat
depending on phase status) is reduced by the size of the object
‘K’. In addition, the sizes of cached dependent objects
(transcoded etc. objects derived from ‘K’) are subtracted
from the total cache usage C_tot.

In the step 716 “Remove ‘K’ from the cache”, a command
is sent to the cache 114 to remove ‘K’ from the cache. In
addition, all cached dependent objects (transcoded etc.
objects derived from ‘K’) are removed from the cache.

In the step 718 “Remove ‘K’ from the registry”, the object
‘K’ is removed from the list of objects registered in the object
registry 210.

Caching of Dependent Objects

The decision of caching the most popular media, based on
their number of requests (hits) as described in detail above,
only applies to original objects (OOB objects) received from
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the media source 102 (FIG. 1), the caching criteria computa-
tion being based on the concept of the hit buckets 212.

Dependent objects (transcoded etc.) may also be cached,
but only after their respective parent OOB objects are already
cached. It may be the case that some dependent objects may
be more worth caching than others because they save more
network resources or transmission bandwidth, commonly
referred to as a network cost, or simply cost. In the case of
caching, the cost corresponds to saved bandwidth. If for
example a transcoded file A saves 2 MB as compared to
another transcoded file B that only saves 2 KB then, evenif A
has a hit threshold 50 times lower than B, it would be much
more profitable to cache the transcoded version of A instead
of the transcoded version of B.

Much of the cost reduction is already achieved by caching
the OOB version of an object. The question then is, whether
after having cached an OOB object, it is worthwhile to cache
any particular adapted version of it.

To make this decision, itis necessary to track the number of
hits for every adapted version, and of each object, separately.
Then, any adapted version should be cached only when its
individual hit number exceeds a threshold. For this purpose, a
normalized Hit Threshold for adapted media “HT_TN” is
introduced, which differs from HT.

For a given object, one can compute the saved bandwidth
SB associated with its transcoded versions or transrated ver-
sions as

SB=(original_size—compressed_size)* (number of
requests),

where original_size is the size of an OOB object, and com-
pressed size is the size of an object compressed from the OOB
object by adapting it according to some profile.

One can then define an Average Bandwidth Saving factor
ABS_i for a given profile P_i as

ABS_i=Z(compressed_size)/Z(original_size)

where the sums contain the contributions from the objects that
were transcoded using profile P_i and that are already cached,
divided by the sum of the sizes of all the cached parents (the
OOB objects) of the objects that were transcoded using pro-
file P_i.

Values for ABS_i are stored as fractions in the Adaptation
Savings array 218, and initializes as 1.0 when the SCM 202 is
initialized. This is the default value before any object adapted
according to profile “i” is cached.

To cache an adapted object for profile P_i, it must have had
a number of hits greater than:

HT_TN=IntegerRound(HT*ABS_ 7).

This means that caching of the first adapted object for
profile P_i, that is while ABS_i is still 1.0, its hit count must
exceed the same HT as any OOB object. Then, as ABS_i
evolves over time, and as adapted objects of profile P_i are
cached ABS_i drops and eventually reaches a stable value.

As an example, assume that at some point ABS_i has
settledto 1/5 and HT is 11 then HT TN is 11/5 rounded to an
integer, which gives 2. This means that adapted objects of
profile P_i will be cached if they have been requested more
than 2 times. If on the other hand HT is 2 then HT TN will be
2/5, which rounds to 0. Hence in that case adapted objects of
profile P_i will be cached if they have been requested more
than zero times. In the second example, an adapted object of
profile P_i is cached every time the SCM 202 receives a
request for such an adapted object of profile P_i.

Thus having stored all of the ABS_i in the Adaptation
Savings array 218 for corresponding transcode profiles P_i
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(or equivalently, ABS_r values for transrate cases) one may
then multiply (HT) to compute a normalized HT_TN value to
decide whether to cache an adapted object. The value of
HT_TN may be computed and compared with the number of
requests for a given adapted object and if the request number
is greater than HT_TN;, then the adapted object is cached. In
this way profiles (or transrate cases) exhibiting a large saving
(ABS_i or ABS_r) require fewer hits than other profiles
which show smaller saving before being admitted into to be
cached.

In another embodiment of the invention, caching of an
object is enabled when its hit count is equal or greater than the
hit threshold HT (in FIG. 4B, replace the step 430, that lists
the condition R[K].N<=HT? with a new step 430' with the
condition R[K].N<HT in the step 430). Using the step 430,
one most probably will not be not overflowing the cache but
one could underflow the cache, and not use it fully. Using the
variation of the step 430', one most probably would overflow
the cache but at least the cache would be fully used. In order
to reduce the overflowing side effect one may could create a
FIFO (First-In-First-Out) buffer of cached objects. A FIFO is
alist in which the first inserted objects (the oldest) are also the
first ones to be removed. Each time an object is cached it is
inserted at the top of the FIFO, pushing all other cached
objects to the bottom of the FIFO. When the SCM receives a
new request for an already cached object, it puts it back at the
top of the FIFO. When the cache runs out-of-space while
tryingto insert a new object in cache, which will happen when
overflowing the cache, cache space can then be freed up by
removing the object that was not requested for the longest
time, namely the object at the bottom of the FIFO. This way
one can replace in the cache the “oldest” objects with the
“newest” objects.

Although the embodiments of the invention have been
described in detail, it will be apparent to one skilled in the art
that variations and modifications to the embodiment may be
made within the scope of the following claims.

What is claimed is:

1. A method for managing caching of objects in a cache,
comprising:

receiving a request (hit) for an object having a predeter-

mined expiry time;

obtaining the object from a media source provided the

object is not cached;

caching the object after receiving an Nth request for the

object, N being greater than a hit threshold HT, provided
there is space available in the cache;

adapting the object into an adapted object according to a

destination profile;

determining a normalized hit threshold HT_TN for cach-

ing adapted objects, the normalized hit threshold
HT_TN being computed by proportionately reducing
the hit threshold HT according to an average size reduc-
tion of adapted objects with respect to the size of respec-
tive objects from which the adapted objects were
adapted; and
caching the adapted object provided a number of
requests for the adapted object exceeds the normal-
ized hit threshold HT_TN.

2. The method of claim 1, wherein the dynamically adjust-
ing further comprises generating a hits distribution list
according to a corresponding number of requests received by
each object, and adjusting the hit threshold HT so that objects
with the most hits are cached.
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3. The method of claim 2, wherein the generating the hits
distribution list further comprises:

indexing the hits distribution list by a number of requests

received for said each object;
storing at each indexed location of the hits distribution list
accumulated sizes of objects having received the num-
ber of requests corresponding to the index; and

selecting the highest index, above or including which a sum
of the accumulated sizes does not exceed a capacity of
the cache, as the hit threshold HT.

4. The method of claim 1, wherein the caching of objects is
performed in two phases, a convergence phase and a plateau
phase, the convergence phase starting when a first request for
an object is received, wherein a convergence cache size
threshold is gradually increased at a rate which is a function of
an average time to live (TTL_avg) of the objects until the
cache size threshold is reached, at which time the plateau
phase begins, wherein a plateau cache size threshold is fixed
at a level of the convergence cache size threshold, which is
reached at the end of the convergence phase.

5. The method of claim 1, wherein the objects are out of
band (OOB) objects available from a source, the method
further comprising

obtaining the object to be adapted from the cache provided

the object was cached, otherwise obtaining the object
from the source before adapting the object.

6. The method of claim 5, further comprising determining
an average bandwidth saving factor (ABS), the ABS being a
function of the sizes of all cached adapted objects which were
adapted according to the same destination profile and the
sizes of the corresponding OOB objects from which the
adapted objects were adapted.

7. The method of claim 3, wherein the dynamically adjust-
ing further comprises adjusting the hit threshold HT as a
function of an actual total cache usage, an average size of
cached objects, and an average time to live for the objects.

8. The method of claim 2, wherein the hits distribution list
comprises hit buckets, each hit bucket for accumulating an
object size of each requested object according to a number of
requests received for said each requested object.

9. The method of claim 2, further comprising storing expiry
times of the object in a time-to-live (TTL) window, wherein
the TTL window is divided into a number of TTL buckets,
each TTL bucket covering a predetermined time span for
storing object descriptors of objects whose TTL expires in
said time span.

10. A media adaptation server computer, comprising:

a processor and a cache; and

a self-tuning cache management module for managing the

cache, comprising computer readable instructions

stored in a memory causing the processor to:

receive a request (hit) for an object having a predeter-
mined expiry time;

obtain the object from a media source provided the
object is not cached;

cache the object after receiving an Nth request for the
object, N being greater than a hit threshold HT, pro-
vided there is space available in the cache;

adapt an object into an adapted object according to a
destination profile;

determine a normalized hit threshold HT_TN for cach-
ing adapted objects, the normalized hit threshold
HT_TN being computed by proportionately reducing
the hit threshold HT according to an average size
reduction of adapted objects with respect to the size of
respective objects from which the adapted objects
were adapted; and
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caching the adapted object provided a number of requests
for the adapted object exceeds the normalized hit thresh-
old HT_TN.

11. The media adaptation server computer of claim 10, the
computer readable instructions further cause the processor to
generate a hits distribution list according to a corresponding
number of requests received by each object, and to adjust the
hit threshold HT so that objects with the most hits are cached.

12. The media adaptation server computer of claim 11,
wherein the computer readable instructions further cause the
processor to:

index the hits distribution list by a number of requests

received for said each object;

store at each indexed location of the hits distribution list

accumulated sizes of objects having received the num-
ber of requests corresponding to the index; and

select the highest index, above or including which a sum of

the accumulated sizes does not exceed a capacity of the
cache, as the hit threshold HT.

13. The media adaptation server computer of claim 10,
wherein the self-tuning cache management module is config-
ured to perform caching of objects in two phases, a conver-
gence phase and a plateau phase, the convergence phase start-
ing when a first request for an object is received, wherein a
convergence cache size threshold is gradually increased at a
rate which is a function of an average time to live (TTL_avg)
of the objects until the cache size threshold is reached, at
which time the plateau phase begins, wherein a plateau cache
size threshold is fixed at a level of the convergence cache size
threshold, which is reached at the end of the convergence
phase.

14. The media adaptation server computer of claim 10,
wherein the objects are out of band (OOB) objects available
from a source, the computer readable instructions further
cause the processor to obtain the object to be adapted from the
cache provided the object was cached, otherwise obtain the
object from the source before adapting the object.

15. The media adaptation server computer of claim 14,
wherein the computer readable instructions further cause the
processor to determine an average bandwidth saving factor
(ABS), the ABS being a function of the sizes of all cached
adapted objects which were adapted according to the same
destination profile and the sizes of the corresponding OOB
objects from which the adapted objects were adapted.

16. The media adaptation server computer of claim 12,
wherein the computer readable instructions further cause the
processor to adjust the hit threshold HT as a function of an
actual total cache usage, an average size of cached objects,
and an average time to live for the objects.

17. The media adaptation server computer of claim 11,
wherein the hits distribution list comprises hit buckets, each
hit bucket for accumulating an object size of each requested
object according to a number of requests received for said
each requested object.

18. The media adaptation server computer of claim 11,
wherein the computer readable instructions further cause the
processor to form a time-to-live (TTL) window for storing
expiry times of the object, the TTL window being divided into
a number of TTL buckets, each TTL bucket covering a pre-
determined time span for storing object descriptors of objects
whose TTL expires in said time span.

19. A method of caching one of a plurality of objects in a
cache of predetermined capacity having a cache size thresh-
0ld less than the predetermined capacity, comprising:
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registering a descriptor of each of the plurality of objects in
an object registry upon a first request for each object, the
descriptor including a respective expiry time for said
each object;

storing a reference to each object in a list sorted according
to the respective expiry time;

determining an adaptive hit threshold (HT) for caching as
a function of the sizes of objects already cached and the
cache size threshold, and caching each object after said
each object has received more than HT requests;

removing the descriptor of each object from the object
registry after the respective expiry time for said each
object;

removing each object from the cache after the respective
expiry time for said each object;

adapting an object into an adapted object according to a
destination profile;

determining an average bandwidth saving factor (ABS),
the ABS being a function of the sizes of all cached
adapted objects which were adapted according to the
same destination profile and sizes of objects from which
the adapted objects were adapted;

computing a normalized hit threshold HT_TN as a function
of the hit threshold HT and the ABS; and

caching the adapted object provided a number of requests
for the adapted object exceeds the normalized hit thresh-
old HT_TN.

20. The method of claim 19, wherein the objects are sum-
marized in a hits distribution list according to a corresponding
number of requests (hits) received by each object, and the
adaptive hit threshold HT is periodically adjusted so that
objects with the most hits are cached.

21. The method of claim 19, wherein the adaptive hit
threshold HT is adjusted periodically by a correction amount
computed as a function of an actual cache usage C_tot, the
cache size threshold C_S, and an expected increase in cache
usage C_incr, which is determined as a function of an average
time to live (TTL_avg) of the objects.

22. The method of claim 19, wherein the determining the
hit threshold HT comprises:

recording a size of each of the objects;

generating a hits distribution array comprising:

indexing the hits distribution array by an index represent-
ing a number of requests received;

storing at each indexed location of the hits distribution
array a size sum of sizes of all objects having received
the number of requests corresponding to the index; and

selecting as the hit threshold HT the highest index above
which a sum of the size sums does not exceed the pre-
determined capacity of the cache.

23. The method of claim 22, wherein the objects are out of
band (OOB) objects available from a source, the method
further comprising

obtaining the object to be adapted from the cache provided
the object was cached, otherwise obtaining the object
from the source before adapting the object.

24. A media adaptation server comprising a self-tuning
cache management sub system for processing requests for
caching objects in a media cache, the system comprising:

a processor, and a non-transitory computer readable stor-
age medium having computer readable instructions
stored thereon for execution by the processor, forming:

a caching control module for determining caching of
objects, and operating in combination with data struc-
tures, the caching control module comprising:
an object registry for identifying and registering objects;
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a hitbuckets array of hit buckets for storing accumulated
sizes of registered objects, and indexed by a hit num-
ber which corresponds to a number of requests (hits)
each registered object has received;

a hit threshold register for storing an adaptively deter-
mined hit threshold (HT) specifying a minimum num-
ber of hits after which an object is cached;

atime-to-live (TTL) window list for storing expiry times
of respective registered objects;

a timer for determining an occurrence of times for
removing registered objects from the object registry
and from the cache;

a terminal profiles database, and an adaptation engine
for adapting registered objects into adapted objects
for transmission to media clients, the adaptation for
each media client being performed according to a
terminal profile stored in the terminal profiles data-
base;

the caching control module further comprising readable
instructions for execution by the processor for:
determining a normalized hit threshold HT_TN for

caching adapted objects, the normalized hit threshold
HT_TN being computed by proportionately reducing
the hit threshold HT according to an average size
reduction of adapted objects with respect to the size of
respective registered objects from which the adapted
objects were adapted; and

caching the adapted object provided a number of
requests for the adapted object exceeds the normal-
ized hit threshold HT_TN.

25. The media adaptation server of claim 24, wherein each
hit bucket of the hit buckets array is used to store a sum of
sizes of only those registered objects which have received the
number of hits, the number of hits being the value of the index
of the corresponding hit bucket.

26. The media adaptation server of claim 25, wherein the
hit threshold HT is determined by:

successively indexing the hit buckets array starting at the
highest index;

summing contents of the indexed hit buckets until a prede-
termined cache size threshold is exceeded; and

setting the hit threshold HT to the last index.

27. The media adaptation server of claim 24, wherein the
TTL window is divided into a number of TTL buckets, each
TTL bucket covering a predetermined time span for storing
object descriptors of registered objects whose TTL expires in
said time span.

28. The media adaptation server of claim 24, wherein the
normalized hit threshold HT_TN is computed by taking into
account only registered objects and adapted objects that are
already cached.

29. A self-tuning cache management system for processing
requests for caching objects in a media cache, the system
comprising:

a non-transitory computer readable storage medium hav-
ing computer readable instructions stored thereon for
execution by a processor, causing the processor to per-
form functions of:

registering requested objects upon respective first requests
for the requested objects in an object registry, including
a time to live (TTL) for each requested object;

accumulating an object size of each requested object in hit
buckets according to a number of requests received for
said each requested object;
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storing a hit threshold (HT) in a hit threshold register, the
HT determining a minimum number of requests any of
the requested object must have before the requested
object is cached;

listing the requested objects in a TTL window according to
respective expiry times according to the TTL of said
requested object;

scanning the TTL window and removing requested objects
from the object registry when the requested objects are
expired, furthermore removing the requested objects
from the cache provided the requested objects had been
cached;

adapting an object into an adapted object according to a
destination profile; determining a normalized hit thresh-
old HT_TN for caching adapted objects, the normalized
hit threshold HT_TN being computed by proportion-
ately reducing the hit threshold HT according to an
average size reduction of adapted objects with respect to
the size of respective objects from which the adapted
objects were adapted; and

caching the adapted object provided a number of requests
for the adapted object exceeds the normalized hit thresh-
old HT_TN.
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